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Ultrahigh Bypass Ratio Engine, Supersonic Transport Propulsion System 
936C0024A Tokyo NAL in Japanese 20 Oct 92 pp 1-10 


[Article by Hiroyuki Nouse, Motor Division, NAL: "Research Into Aircraft 
Engines at NAL-Ultrahigh Bypass Ratio Engine and Supersonic Transport 
Propulsion System" |} 


[Text] 1. Introduction 


The Motor Division and the Thermohydrodynamics Division of the National 
Aerospace Laboratory (NAL) are conducting research and system studies into 
advanced fundamental technologies for use in the engines of subsonic, super- 
sonic, and hypersonic aircraft for the 2lst century. Among the research, the 
"research into ultrahigh bypass ratio engines" is carried out as part of the 
"Research Into Innovative Fundamental Aerospace Transport Technologies" which 
is key research at NAL, and "R&D Into Supersonic Transport Propulsion 
Systems," a research project conducted by the Agency of Industrial Science and 
Technology (AIST) of MITI as one of the large-scale R&D projects with 
participation from aircraft engine manufacturers in four countries including 
Japan, the United States, the United Kingdom, and France, laboratories and 
research institutes under the AIST or MITI, and NAL. 


This report is intended to summarize the research carried out by NAL. 
2. Research Into Ultrahigh Bypass Ratio Engines 
2.1 Features and Technical Topics of Engines 


An ultrahigh bypass ratio engine is an engine designed to reduce fuel 
consumption by improving the propulsion efficiency with an even higher bypass 
ratio than current turbofan engines. Figure 1 shows the bypass ratio u and fan 
pressure ratio m, which can minimize the specific fuel consumption (SFC) of a 
core engine with a maximum cycle temperature of Ts. and compressor pressure 
ratio of n,, and the overall efficiency (which is proportional to the product 
of flying speed and SFC) when the SFC is minimized, for three nacelle aero- 
dynamic resistances. The figure shows that it is important to decrease the 
nacelle aerodynamic resistance and increase the specific power and thermal 
efficiency of the core engine in order to improve the overall efficiency by 








increasing the bypass ratio. For Flight speed: Mach 0.8 























example, when the flying speed ©£ o| Yi ‘ 
is Mach 0.8, T.. = 1,600 K and an, > sl _ — 
=- 35, the optimum bypass ratio .§ y ( * 
is about 26 and optimum fan ae = 0 ( ( { oo 
pressure ratio is about 1.3. In ss 2 





this condition, the overall ef- f - 
ficiency will be about 0.35, | No nacelle aerodynamic a ee _ 
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which indicates the possibility zx 3 Small nacelle ecodynemic resis 13 © 
of improving the overall effi- Standad nacelle’ ~ 

. = 7; aerodynamic reqistance “ 
ciency by more than 15 percent 2 * 
compared to a turbofan engine © 6 “ > : 
with a high bypass ratio.’ s ~ (Ne a , “17 3 

© - a _ : 
On the other hand, when it is - cd a= le ¢ 
assumed that an identical core aie v= —_ =< 
engine is used, the ratio be- om | 

sof 
tween thrust force and weight g © ‘<i iene op 
during cruising is thought to be > _ ) va | 
similar to a turbofan engine W«$& S ( (i, S|: 
with a high bypass ratio. This #% 2 me m A an ae 
estimation is based on the con- <£% correded eyete at témperature (Tye) 

ressure ratio (se) 








sideration that positive fac- 
tors, such as the increase in Figure 1. Optimum Cycle Parameters of 

the thrust force made possible Ultrahigh Bypass Ratio Engine 

by the high bypass ratio and the 

reduction of the power turbine’s 

weight and elimination of the thrust reverser made possible by the use of 
reduction gears, are equal to the negative factors caused by the weight 
increase due to the reduction gear/variable-pitch mechanism and to the rotor 
blades and stationary parts of the turbofan. 





2.2 Research Into Ducted Fan 


One of the key technologies for the implementation of an ultrahigh bypass 
ratio engine is technology for the design of a ducted fan with variable-—pitch 
rotor blades. Taking (a) and (b) below in consideration, this research aims at 
establishing aerodynamic design technology for a variable-pitch fan with low 
circumferential velocity and high axial-flow mach number. 


(a) The velocity of the air current passing through the fan should be as high 
as possible to avoid increasing the fan size and thus to reduce the engine 
weight and the nacelle aerodynamic resistance during flight. To avoid 
excessive stress on the rotor blades with a long blade length, it is necessary 
to make the circumferential velocity of the rotor as low as possible. 


(b) Fans and ducts with fixed shapes like conventional engines make it 
difficult to manifest sufficient performance in all flight ranges because the 
low fan pressure ratio leads to a large difference between the optimum duct 
shapes when the aircraft is stationary on the ground and when it is flying at 
a high, subsonic speed. A thrust reverser cannot be used because it would 











increase the weight excessive- 
ly. Therefore, the rotor 
blades must be provided with 
variable pitch so that even 
fixed-shape ducts without a 
thrust reverse can _ provide 
sufficient performance 


It is necessary to make the 
solidity of the rotor blades 
less than 1 in order to pro- 
vide the fan rotor blades with 
variable pitch. However, since 
conventional fan design tech- 
niques do not assume blades 
with such a low solidity, it 
is necessary to develop new 
fan design technology 


This research is the first 
attempt to perform aerodynamic 
design of a fan based only on three- 
dimensional viscous flow values simu- 
lated by a supercomputer, without 
using any blade cascade test data at 
all. According to this policy, it was 
decided that the research into the 
ducted fan was to be conducted in two 
Stages, the stage of verification of 
design techniques and the stage of 
achieving the target 


In the first stage, aiming at col- 
lecting data required for the verifi- 
cation of the aerodynamic value simu- 
lation software developed for fan de- 
sign and utilizing it to improve the 
design software, we designed, fabri- 
cated, and tested a fan test model 
(Figure 2) with a diameter of 450 mm 


which has rotor blades with semifixed fj 
ment. Figure 3 shows an example of calx 
In the testing, we acquired the overall 
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test model including the case in which the rot 


4), and we also measured the detailed 
the rotor blades and compared the result 


value simulation. 


Now that the research has entered the 
simulation software based on the resu 
designing a ducted fan model (Figure 
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Figure 4. Aerodynamic Performance 
Data of Test Model 


practical engines and which can achieve the target performance (maximum 
circumferential velocity 300 m/s, pressure ratio 1.3, fan axial-flow Mach 
number 0.7). 


In addition, the acquisition of basic data for a fan made of composite 
materials required for the implementation of an ultrahigh bypass ratio engine 
has been classified as another of our research objects. For this purpose, we 
fabricated the rotor and stator blades of the fan using carbon fiber- 
reinforced plastic (CFRP) composite material, measured the rotor blade 
vibrations during testing using a noncontact type blade vibration measuring 
system using optical sensors developed by NAL° to obtain data on the vibration 
characteristic of a fan made of composite materials, and proved that the rotor 
and stator blades made of composite materials can withstand use up to the 
designed rotation speed (maximum circumferentia! velocity 300 m/s, maximum 
stress 330 MPa). 


2.3 Research Into Variable-Shape Combustor 


We also conducted research into a combustor with variable shape as a key 
technology for the core engine. This research aims at reducing the emission of 
NOx while maintaining a high combustion efficiency, by reducing the increase 
of nonburned components in the engine emission gas through the control of the 
distribution of the air used for combustion and the air used for dilution 
according to the fuel flow and inlet air temperature which vary depending on 
the engine's operating conditions.‘ 


To obtain the basic design data for this, we studied an experimental system 
which results in diluted combustion by promoting fuel evaporation through 
spraying and mixing of liquid fuel (kerosene) in the air for combustion. The 
combustor model used (Figure 6) has a can-like shape and uses a swirler 








equipped with a conic ;— 
center body as the flame | 
holder. The fuel nozzle 
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Dilution 








is a pressure injection 
valve and the fuel is 
sprayed and mixed into 
the air from the dual 
swirler. The mixing tube 
has a length of 150 mn. 
The flow of the air used 
for forming premixed air 
(air for combustion) is 
varied by the airflow 
control valve (swirler) 
with a rotary ring slit 


Premixing 
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design located upstream t tetas | 
of the premixing tube. Cooled Wall” Cea Ge ten 
The opening of this a ail we ——-  — 
iiicsubre pelgaindaned Figure 6. Test Model of Variable-Shape Combustor 
adjustable from outside 
the casing by means of a 
link mechanism. Meanwhile, the 10°; Swirler Dilution 
flow of diluted air is varied by | Opening hole diamm El\NOx) ELCO) 
varying the size of the air we 12 ° . 
holes. / 6 6 a 

3 Be ee ete 
Figure 7 shows the combustion Ms a~ . 
emission characteristics of the My 10"! coray Comb, Jf pe 10° 
three combinations of openings ¢& p S NP ee 
of the airflow control valve —— TIS _ 
(swirler) (from 0/4 to 4/4 and - —/ NOxs /- $ 
diameters of the dilution air 6 g fy a ~ 
holes (12, 8, and 0 mm). With ~ a/ ZF increasing amn/Wao & 
respect to the changes of the & re f/f \ 3] 
overall equivalent racio (outlet , fe / / "iow 1% ; 
gas temperature), the emission | p : Io 0 . io =< re) 
index (EI) of NOx varied from | ft os 2 
the 10° order to the 10 order, PY ° Br." _ a 
and the EI of CO varied from the | . p ." ofl = tine 0.24 | 0 
10? order to below 107. Assuming aa BOR ar | 
that the combustion efficiency Se | 
is 99 percent, the EI (NOx) was | ! 
from 0.2~0.3. This value is very | Impingement Cooled Liner | 
low compared to the typical EI Fuel Nozzle 2.5 GPH, Inlet Air Temp. 650K | 
(NOx) value of 4.0 (Spray Comb. 10 Ee ena ae a eee ae hho 
in Figure 7) with combustors B 0.1 0.2 0.3 0.4 0.5 
using the conventional spray Ts(K) 930 1150 1373 1581 1775 


combustion system which have an 
identical inlet air temperature. 
These results have made it clear 
that a low EI can be maintained 


Figure 7. Emission Characteristics of Test 


Model of Variable-Shape Combustor 








throughout the engine operat- High-temperature gas 
ing range by providing air 
flow distribution control in ._, | ft 
Cooling air 
the required range. ’ 
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2.4 Research Into High- 
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are 
Temperature Turbine LLL LE LAO HE 


To increase the engine effi- 
ciency and specific power by 

















AHeat barrier coating (ceramic, functional gradient material) 
BStructural member (ul*- high-temperature and heat-resistant 


increasing the turbine inlet material, such as u apapigy Tomperatyee resistant oxide 
tauneratuce _ conducted dispersion-strengthened alloy) 
pe ——— = CMicrofine for promotion of convective heat transfer 


basic research into ultra- (high-heat-conductivity material such as copper) 
high-temperature curbing 7 7eretne PSEmcmpacer teeta?) 

blades as a key technology. 
As an advanced cooled blade, 
we devised the basic struc- 
ture as shown in Figure 8, 
and fabricated a model using 
materials which are applica- 


ble to gas temperatures from — 
1,770~1,970 K. At present, Figure 8. Basic Structure of Ultrahigh- 


the model is subject to heat Temperature Turbine Blade, Fabricated 
transfer characteristic test- Heat Transfer Test Model 

ing in a high-temperature 

wind tunnel. For the design of the internal cooling structure, we also 
conducted experimental analysis by means of visualization using a stream 
model. It is planned to develop the results of the research into R&D into 
ultrahigh-temperature turbine blades for an actual aircraft engine.® 











CORE ENCINE Core Combustor 
2.5 Research Into Concept of New Type Compressor Core Turbine 
of Engine ) : i 
Figure 9 shows an ultrahigh bypass v si 
ratio engine of the new design, where a 
the core engine and fan engine are _ FAN ENCINE 
separated and coupled through a high- Bloed Air Duct 





pressure air duct. The air bled from 
the core engine compressor designed 
with a bleed rate of 40 percent is 
sent to the fan engine through the 
bleed air duct. The fan engine is 
composed of the fan, fan combustor, 
fan turbine, reduction gear/variable- 
pitch mechanism and so on. This engine 
has the following features.*:° rea — 
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Figure 9. Configuration of New-Design 
Ultrahigh Bypass Ratio Engine 








(a) The fan engine does not have a compressor so the operation is very 
stable in unfavorable conditions due to reverse thrust, the intake of 
foreign objects, crosswinds, etc. 


(b) The structure is simplified and the weight is reduced. 


(c) The engine thrust can be changed independently from the core engine, 
providing advantages in operation such as the short acceleration period. 


(d) A great reduction of engine development cost is possible. 


The disadvantages of the engine may include the presence of two high-tempera- 
ture sections and inlets/nozzles, and the slight increase in fuel consumption 
due to the pressure lcss in the bleed air duct. 


At present, simulation testing _ 

of this engine is under way to ca 4 
check its static and dynamic (\ 
characteristics. Also, a re- _j / @ 
search engine is being built nt 
for use in research into | Wil 
ducted fan technology and the | 
new-—design engine concept 
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(Figure 10). ° la 
3. R&D Into Supersonic Figure 10. Concept of Fabricated Research 
Transport Propulsion System Engine 


The target of the large-scale 

R&D project "R&D Into Supersonic Transport Propulsion System" is to establish 
propulsion system technology which enables flight at up to around Mach 5, 
consumes a smal] amount of fuel, produces low noise, and exerts a low 
influence on the environment due to emission gas. Specifically, the project 
aims at achieving the development targets listed in Table 1 with a combined- 
cycle engine (turbo/ram-jet engine) as shown in Figure 11. 


———_ —. : 
The NAL is in charge of advanced —" rele Race * 
basic research in this R&D project, a 
and the rest of this section is 
dedicated to the introduction of 
our aims and some of the resu’.ts of 
this research.’:®:® 









Figure 11. Concept of Combined-Cycle 
Engine 


3.1 Total System Research 


NAL is researching methods of analyzing the performance of variable-shape 
turbojets of the Mach 3 class, ram-jets of the Mach 5 class, and combined- 
cycle engines coupling them, and also researching the methods of system 
optimization and performance evaluation as a total system including the 
operation during switching hetween turbo-jet and ram-jet. NAL ‘s also 
supporting R&D into prototype elements and systems by private conpanies 


through joint research. 








Table 1. Targets of R&D of Supersonic Transport Propulsion System 























Item R&D targets 

Ram—jet Operating Mach number | 2.5~5 

Combustion temperature 1,900°C level 

Fuel consumption (Mach 5) Approximately 2 kg/hr/kgf 
Turbo-—jet Operating Mach number 0~3 

Combustion temperature 1,700°C level 

Fuel consumption (Mach 3) Approximately 1.5 kg/hr/kgf 
Combined— Operating Mach number 0~5 
cycle Noise ICAO Annex Chapter 3 equivalent 
engine Emission ICAO exhaust standard value 








3.2 R&D Into Ram-Jet 


The following research is under way into a ram—jet using methane fuel that is 
capable of stable operations in flight at Mach 2.505. 


(1) Research into ram combustion 


Table 2 shows the typical operation 
conditions of a ram combustor. The 
requirements for the ram combustor 
include: 1) stable combustion; 

2) high combustion efficiency; 

3) small amount of toxic gas emis- 
sion; 4) low pressure loss; and 

5) durability. The research up to 
now has focused on requirements 1) 
to 3) at Mach 3, and has been con- 
ducted concurrently with a two- 
dimensional V-gutter type model and 
a liner type model in a cylindrical 
duct. The combus-tor model and some 
of the test results with the latter 
model are shown in Figures 12 and 
13. This model shows a sufficiently 
high combustion efficiency with a 
required equivalent ratio of 0.3~- 
0.4 and a Mach number of 0.1 (wind 
velocity 50 m/s). The NOx emission 
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Figure 12. Ram Combustor Model and Test 


level is low enough under this condition, but sufficient measures should be 
taken in case the intake air temperature rises and the air velocity drops, for 


example in flight at Mach 5.?° 








Table 2. Operating Condition of Ram Combustor 






























































Flight Intake air Combusted Equivalent 
speed J gas total ratio 
Mach Total Total Cemperature 

number pressure | temperature K 
M kPa K 
M3 0.20 144 603 1,317 0.30 
M4 0.10 331 895 1,688 0.37 
M5 0.05 666 1,251 2,151 0.47 
“100 
i) 
(2) Research into ram-jet system 7 f 
~ 80} 
We are studying high-altitude per- ¢ 
formance testing and system evalua- “ , 
tion methods of free-jet systems. oy 60F loll atl tanae 
Now, we are studying the range of ne : / Key Ur (c/s) 
high-altitude performance testing 4a O 30 | 
of ram-jet systems which can be ¢ 40°F A 40 
made using the ram—-jet engine test- 5 : 0 50 
ing facilities being constructed at 4& ; . 
the Kakuda Branch of NALas wellas 3 7° ik — 
the basic forms of the tests. 3 } T,, 600K 
YL 
3.3 R&D Into High-Performance "Ot 0.2 0.3 0.6 0.5 3.6 0.7 


Turbo-Jet 
Equivalence ratio 


Figure 13. Combustion Efficiency Charac-— 


The turbo-jet is the core of the 
teristic of Ram Combustor Model (WD5) 


combined-cycle engine for superson- 
ic transports. NAL is conducting 
advanced R&D into the components required by a high-performance turbo-jet 
which can achieve supersonic flight at Mach 3. 


(1) Research into fan and compressor 

To contribute to reducing the weight and improving the performance of the 
engine, we are conducting experiments and research into a two-dimensional 
cascade of high-load transonic fans and compressor cascades and on the 


circular cascade of supersonic fans. 


(2) Research into turbine 


We are conducting research into aerodynamic technology which can contribute to 
reducing the weight and improving the performance of engines by reducing the 
number of stages through the provision of an ultrahigh !oad and other advanced 
basic research targeting the development of an ultrahigh-temperature turbine 
with a turbine intake temperature of the 1,970 K level, such as the cooling 


















technology aterial and tenes 
working temperature, syste- 

matization technology, and - 
high-temperature measurement | (Suction 


/ gurface) 


‘Leakage 


With regard to the ultrahigh- 
load turbine, various factors = 
hampering the turbine perfor- Xi ta} sda Leakage 
mance following the increase  (agcade | 
in load were elucidated by vortex 
cascade testing. Figure 14 
shows che results of a low- 
speed cascade test applied to Figure 14. Secondary Flow and Loss of Gradient 
various gradients of blade Turbine Cascade With Blade Tip Clearance 


Cascade vortex 


cascades and blade tip walls 
in order to control the loss due to leakage from the blade tip clearance and 
secondary flow. A combined cascade test was also conducted on the variation of 
total loss due to the difrerence in the relative positioning relationship 
between static and dynamic cascades. 
A Heat barrier coating 

B Structural member 


C Microfine for promotion of 
onvective heat transfer 


With regard to the ultrahigh-tem- 
perature turbine, we constructed a 
new external cooling system which 
inks “he cooling vlade and exter- 

heat exchanger through a heat 
pe and uses the bypass air or 
el as the heat sink, and are con- 
ducting trial production/research 
and heat transfer characteristic 
test/research of each element of 
the system. Figure 15 shows the 
structure of the basic model of an 
advanced cooling blade together 
with its trial fabrication proce- 
dure. We also implemented basic 
test objects of heat pipes using 
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sodium as the working fluid. Now 
their heat transfer characteristics 
are being tested.°*° 











(3) Research into combustor 
Figure 15. Basic Model of Cooling Blade 


of Ultrahigh-Temperature Turbine, Its 


To implement a turbo-combustor with 
; Trial Production Procedure 


igh temperature, high load, and 
ow NOx, we are conducting basic 
research into diluted, premixed combustion. The results up to now include the 
development of a probe which can detect variations in the density of mixed gas 
from the variations in its heat conductivity, fuel mixing evaluation testing 
using the probe, and an analysis of composition of combustion gas inside the 
step flame stabilizer premixing combustor. 
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3.4 R&D Into Measurement and Control Systems 


NAL is conducting the following research related to an electronic control 
system which ensures the efficient, stable operation of a combined cycle 
engine with multiple variable mechanisms, and into measurement systems 
fundamentally based on optical measurement which measures the internal 
conditions and quantities inside the engine correctly and quickly. 
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We developed a dynamic simu- r ane : 
lation and system identifica- +S “4 
tion program as one subject 
of advanced basic research '‘‘\0- ee eeoP me 
into innovative multivariable ppatesei 
technology. Figure 16 shows ° erences ee pnnaning _ 
the result of system identi- _.,] i le = cnn 
fication based on the simula- we OT | 
tion of an existing two- “ser ° ° Uz. ne ; 
spindle fan engine, and the ~“*°Fé e « Engine “ Mig 
results matched the results  -so} r.2.7 Analysis _* ~e oy 
obtained through actual en- _, ol re SN 
gine operations very well. = - 108 


The transfer function, char- Radians/s 
acteristic values, time con- Figure 16. Frequency Response of Engine Rota- 


stants, etc., of the engine tion Speed With Respect to Fuel Flow 


obtained with this program 

can be used as important basic data for the design of control systems. In 
addition, we also studied the concepts of an engine model circuit board with 
a learning function and an air-turbine power supply system as intelligent 
FADEC elements. 


(2) Research into electronic optical measurement systems 


As laser-applied technique for visualizing and measuring high-speed air 
currents, we are performing visualizing measurements of basic flow fields 
using a Mach-Zehnder optical system with a laser light source, aiming at 
constructing a system which analyzes the flow field through computer proc- 
essing of the visualized image of the density field. Additionally, in con- 
nection with experiments and research into the intake, nozzle, and so on, we 
are developing laser holography with high accuracy and high practicality, and 
are also researching technologies applying laser-induced fluorescent tech- 
niques as a method for three-dimensional visualizing measurements of pressure, 
temperature, and density distribution at high Mach numbers. 


3.5 R&D Into Total System 


NAL is conducting research into technologies of the various elements 
associated with the airframe such as the air intake and nozzle, the applica- 
tion of new materials, fluid software and into noise reduction technology 
which is indispensable for the practical operation of a supersonic transport. 
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(1) Research into fluid software 


We are developing aerodynamic 
value simulation software which 
allows the design of high- 

performance engine components 
based on new concepts. Up to 
now, we modularized the three- 
dimensional viscous flow analy- 
sis codes developed by NAL and 


reorganized them as linear cas- Figure 17. Preprocessing and Post- 


cade flow analysis codes, and processing of Value Simulation 
also created a rotary cascade 


version and the basic version of 
stage analysis by modifying the 6.9 , + Y r 
modules, under joint research with 
private companies. We aim to estab- 
lish an aerodynamic engine element 8b Mach 3 Model 4 
analysis system based on the intro- 

duction of the organization system 

created by modularization of the 0.7 






































a R mp bleed / 
analysis codes as well as by en Te cat cattle 
hancing preprocessing programs such (1risentrope) 


as the blade shape reaction program 
and postprocessing programs such as 
the visualization program (Figure 
17). 


Nr 


(2) Research into air intake and 
nozzle 


We are conducting research into 
aerodynamic technology, variable 
mechanism technology, engine match- 
ing technology and heat-resistant 
structure technology of the super- 
sonic variable intake which can 
manifest high-pressure recovery 
over a wide range of flight condi- u | Conditions 
tions from takeoff/landing up to ae 3.0 | Side watl:l. Straight Rail Diffuser | 7 
Mach 5 and of the supersonic vari- Side wall:3, Wodified Oi f fuser 
able nozzle which can achieve a RT i 


4.5 Side wall: Throat Bleed 
i e 


high nozzle efficiency. 0.0 1 I 
0.2 4.4 0.6 0.8 1.6 


MASS FLOW RATIO G/Geo 
Figure 18. Pressure Recovery Factor 
of Intake 


PRESSURE RECOVERY 
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With regard to the intake, we 

fabricated models of various parts 
of the supersonic intake and ob- 
tained data on the influences of 
the throat cavity shape, ramp bleed and cavity bleed on the intake performance 
as well as data on the pressure recovery characteristic of subsonic diffuser 
by using a small supersonic heat-transfer wind tunnel. We are also carrying 
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out supersonic and hypersonic wind tunnel tests of variable intakes of Mach 3 


and Mach 5 classes using NAL’s wind 
companies (Figure 18) .}?)}% 


With regard to the nozzle, we 
investigated the variation of 4, 
internal flow depending on the 
radius of curvature of the 
throat of the most basic two- °%§ 
dimensional variable noise shape 





tunnel under joint research with private 




















R/r=2 ; ; 
composed of throat curvature 65, wnt cal” Ryheo (aye 
circle and planar flap. It was Ba 
confirmed that the patterns of R/~s0.$ 
internal flow such as the com ®?? es pop 
pression wave generated from the (“" roe fe 
joint of the curved circle and oo 
planar flap coincide very well i 
with the analysis results. Figure 19. Pressure Distribution on Wall 


(3) Research into noise 
reduction 


We are conducting research into pro- 
pulsion system noise reduction tech- 
nology which controls the noise level 
of supersonic aircraft below the ICAO 
noise standard value. To study the 
reduction of jet noise which is the 
main noise source, we constructed the 
supersonic jet noise test system 
shown in Figure 20. With this system, 
we conducted research to reduce the 
screeching noise (discrete frequency 
sound) generated due to the impulse 
wave of a supersonic jet by attaching 
tabs onto the lips of the convergent 
nozzle. Figure 11 shows some results 
of the study. 


(4) Research into new materials 


of Basic Model of 2D Nozzle 
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Figure 20. Supersonic Jet Noise Test 
System 


We are conducting research to evaluate the applicability of various heat- 
resistant materials (ceramic, fiber-reinforced metal (FRM), etc.) required for 


the implementation of the supersonic 


propulsion system. Up to now, we selected 


the shape of the testpiece for high-temperature strength evaluation tests, 


developed a high-temperature displac 


ement measuring method, and also carried 


out strength evaluation tests up to 1,300°C with various high-temperature 
composite materiais. Figure 22 shows some results obtained through these 


tests.}* 
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4. Conclusion 150 ry a a | 
Isentropic flow Mach number: 1.7 3 if | 
Measuring position: 80° from jet flow 
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All transportation has contrib- 
uted greatly to the development 
of the world economy and the 
diffusion of culture, and its 





























role is expected to grow further LE 

in the future. tHe direction of <¢# f -—T 
development of aeronautical h | Convergent nozzle without tab 
technology toward the 21st cen- , , \ 




















tury will be to pursue infinite |,,,, 4 ati 
reliability and safety as well in 
as Co pursue the usefulness i | neucls with ia 
while maintaining and improving - , Pe eee My 
the economy with the goal of 0.128 FREQ (KKs) 30 


preserving the earth’s environ- 
ment. As there are a very large 























Figure 21. Noise Characteristic of Nozzle 

















number of technical subjects aren. xan 
which must be studied for en- 
gines to meet all of these condi- 308 
tions simultaneously, research and SiC/SiC 
development covering a wide range of __ 259 
subjects will be necessary. the & (room temp. ) 
mission that Japan will have to >= 299g 
assume in the field of aircraft 
engines will be larger and more 3 152 
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Figure 22. Examples of Room—Temperature 
and High-Temperature Strength Tests 

of Heat-Resistant Composite Materials 
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Research Into Supersonic Intakes 
936C0024B Tokyo NAL in Japanese 20 Oct 92 pp 11-14 
[Article by Kimio Sakata, Motor Division, NAL] 


[Text] Abstract: Among the results of the research into supersonic intakes of 
the two-dimensional mixed-—compression type conducted at NAL, this report deals 
with the process of research aiming at improving the performance of intakes 
for Mach 3. We set the pressure recovery factor (n, = Pte/Pto), which is the 
target of the intake for Mach 3, to the same value as specified in the MIL 
standard, 0.81. We started with 0.41 provided by the one-ramp, one-cowl model 
which is the most basic form of mixed compression, and arrived at a pressure 
recovery performance of 0.83 through the use of multiple shocks and air bleed, 
optimization of the shock system, improvement of the subsonic diffuser, and so 
on. This report describes the process of this research, in which the super- 
sonic wind tunnel tests, small wind tunnel model tests, basic model tests, and 
value simulations have all played very important roles. 


1. Introduction 


The research into supersonic intakes at NAL is technical research targeting at 
Mach numbers up to about 6, and conducted as part of the research into the 
elements of hypersonic air bleeding engine, the key to space planes and hyper- 
sonic aircraft, and the supersonic engine of the next generation, under joint 
research with the Science University of Tokyo, the University of Osaka Pre- 
fecture, the Institute of Space and Astronautical Science, and Ishikawajima- 
Harima Heavy Industries Co., Ltd. Research into supersonic intakes as 
aerodynamic elements is being carried out in many countries, and the main 
subjects include achieving supersonic compression by the formation of an 
optimum shockwave, prevention by the use of bleed air for boundary-layer 
thickening or separation due to shockwave interference, the stable formation 
of shockwaves, the shape of the throat, the subsonic diffuser flow channel, 
aerodynamic design associated with external resistance, matching with engines, 
and integration into an airframe.* Among the various forms of intake, the NAL 
selected mixed—compression type two-dimensional variable-shape intakes using 
a ramp (exterior) and cowl (interior) matching the high-speed range as the 
object of research and, as shown in Figure 1, has been dealing with the 
technical subjects in the supersonic/hypersonic wind tunnel tests, partial/ 
basic mode? tests using a small continuous hypersonic wind tunnel and other 
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research techniques such as CFD and system design. This report is a continua- 
tion of the report presented in 1991 on our overall research activities, 
particularly focusing on the process and achievements of the research for 
improving the pressure recovery performance of intakes targeted at Mach 3. 


Table 1. Aerodynamic Data of Mach 3 Intake Models 















































Model 31 Model 32 Model 331,2 Model 333 
-_ 

Design Mach 3 
number 
Capture area mn* 52.5 x 35 
Throat area mm? 52.5 x 16.8 | 52.5 x 10.9 52.5 x 8.9 52.5 x 8.8 
Diffuser exit 52.5 x 28 
area mm 
Ramp deflection 15° >°,9 ,6 ,8 13°,8.8 ;9:% | 5”,6.39°,7.7° 
angle (1-shock) (4-shock) (3-shock) (3-shock) 
Cowl deflection 5° 7°,7°,8° 11.2°, 9.6°, 
angle (1-shock (3-shock Isen.(7.5°) Isen.(15.0°) 

+ N.S.) + N.S.) (l-shock + (l-shock + 

Isen.+N.S. ) Isen.+N.S.) 
Total deflec-— 20° 41.9° 44.2° 44° 
tion angle 
Throat Mach 1.67 1.30 1.28 1.25 
number 
Swallowing 1.05 0.81 0.71 0.70 
function 
Ideal ,- | 0.62 0.91 0.95 0.95 
Saar aceon eee eee een nena ee a 

















2. Performance Tests Using Supersonic Wind Tunnel Models 
2.1 Wind Tunnel Models 


NAL has tested the five wind tunnel models shown in Table 1 (aerodynamic 
design values) and Figure 2 (model cross sections) aiming at a Mach number of 
3. The models have a capture area of 52.5 x 35 mm’, and the blockage of each 
model with respect to the measured cross section of the wind tunnel is 2.5 
percent. The aerodynamic features of these models listed in Table 2 show that 
various efficiency-improving measures were applied as the models developed 
from 31 to 32 and to 33. Model M31 is the simplest three-shock system, which 
cannot provide high performance but illustrates the aerodynamic problems of 
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mixed-compression intakes. Ramp bleed 

M32 additionally adopted the __letal presoure tube 
multishock system and throat 
air bleed. The optimization 
of the shock system using 
multiple oblique shockwaves 
is made possible by 
Oswatisch’s formula below® 



































Ramp bleed Throat bleed 


















which makes the strength of od Seth 
the shockwaves almost identi- Aloe cones 
cal. aa 
(b) Second model = M32, 8-shock, fixed-shape model 
M, sin 8, = M, sin £2 =:::: Actuator for variable mechanisa 
=- M,, sin B,, (1) Ramp bleed duct Throat bleeding fl 





Here, $6, is the i-th turning 
angle of the ramp or cowl. 
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) “Soe dha 
- ro ss + yl 
With model M33, the cowl was Ibe, —_ i 


provided with an isentropic -— ne 

compression process, a real- (c) Third models = M331, M332, M333 

istic five-shock system was Figure 2. Cross-Sectional Shapes of Models 
used, the cowl bleed and side (Mach 3) 

wall bleed were provided to 

ensure the startup performance, and variable shape was adopted to obtain 
design data for operations covering a wide range of Mach numbers. With Model 
M332, the passage of the subsonic diffuser was additionally improved. With 
M333, various measures are attempted including a fillet and vortex generator 
(VG) installed at the corner of the subsonic diffuser for the optimization of 
air bleed. These improvements are results obtained from tests on partial 
models and basic models using the small wind tunnel described later. 
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Table 2. Aerodynamic Features of Models 
——— 





















































Se 2 SS gee es 
M33 Models | 
Items M31 Model M32 Model 
M331 M332 M333 _| 
Sa ee 
Form 3-shock, 8-shock 
fixed- fixed- 5-shock, variable-shape 
shape shape 
Bleed Ramp Ramp, Ramp, cowl, throat, 
surface throat side wall 
Subsonic Linear Linear Linear Constant Constant 
diffuser (dA/dx=c ) (dA/dx=c ) (dA/dx=c ) velocity velocity 
gradient gradient 
(dV/dx=c ) (dV/dx=c ) 
Other Cowl with isentropic compression, 
knife edge on model leading edge 
oer 
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2.2 Test Results*->-& 0.9 





Figure 3 shows the pressure Mo=3 
recovery factor (nm, = Pti/ _ MIL — 50086 Oo 


Pto) vs. mass flow ratio 
(G/Gco:Gc = capture flow) me 
characteristic of the above 

models at Mach 3. After 
achieving pressure recovery 
factors of 0.41 with M3l 
and 0.65 with M32, the fac-— 
tor was improved to 0.68 
with M331, but these values 
were still below the target 
value of 0.81. The value 
was improved with M332 to 
0.79 thanks to improvement 
of the subsonic diffuser. 
When a compact diffuser 
model test was applied to 
this, it was found that the 
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03 - M332 a 
pressure gradient of the ‘Improved super- 
diffuser in the initial M333 | sonic diffusion 
stage also has a_ strong ; . ; , 
influence because of the 0.2 04 05 08 07 o8 09 10 
presence of longitudinal ; 
shockwave at the inlet, and Mass flow ratio G/Ge 


that a flow channel with a Figure 3. Performance Comparison by Supersonic 
constant, gentle velocity Wind Tunnel Tests 

gradient or with a constant 

Mach number gradient is beneficial. Finally, with M333, the effects of the 
further improvement of the subsonic diffuser, the optimization of air 
bleeding, etc., have been demonstrated together, resulting in a pressure 
recovery factor of 0.83 which was higher than the target value. 


3. Small Wind Tunnel Test and CFD’:® 


As a result of tests of partial and basic models in a small wind tunnel to 
study improvement measures for the technical phenomena found in supersonic 
wind tunnels as described above, some favorable results were obtained as 
described below. 


Figure 4 shows (a) the test model of the transonic section which has a cavity 
bleed in the throat section, and (b) a model of a subsonic diffuser which has 
longitudinal shockwaves at the front leading edge of the model.’ Figure 5 shows 
the test results of the pressure recovery factor at the diffuser outlet of the 
subsonic partial model at a Mach number of 1.8, showing its variation depen- 
dence on the bleed air amount (Gbl1/G,) and outlet area (hg/hc). The figure 
shows that the pressure recovery factor is largely influenced by both the 
bleed air amount and the outlet area, and that it is important to assure the 
bleed air amount in case the outlet area is small. The state of flow such as 
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(b) Test model of subsonic diffuser 
Figure 4. Examples of Small Wind Tunnel Models 


0. the formation of longitudinal shockwaves 
“ M=186, Po=600kpe, To=308K 4_ fete coincided well with the results obtained 
Pr 0 0.658 with CFD. 





© 0481 Figure 6 shows examples of the results of 


~~ . CFD calculations with this model. The 
0.80} three-—dimensional calculation results 
coincided fairly well with experiments, and 


the two-dimensional calculation results 
were also satisfactory with regard to the 
evaluation of the main shockwave patterns. 


0.75- 
Figure 7 shows the test results for two 


kinds of subsonic diffusers, one kind 
having a flow channel with a constant var- 
jation to uniform section (dA/dx = c) 
provided with straight walls, and the other 


0.70 a wt 
0 2 4 6 { 12 having a constant Mach number gradient 
G16. fos) : 


(dM/dx = c). The figure shows that the 
model with dM/dx = c having a gentle pres- 
sure gradient in the shockwave upstream has 
a higher performance by about 1.5 percent 
compared to the model with planar construction. As for the effect of air 
bleeding at the inlet, the model with a uniform velocity gradient has a low 
inlet loss and is less subject to the influence of air bleed, while the effect 
of air bleed on performance improvement is greater with linear type with high 
inlet loss. 














Figure 5. Pressure Recovery Char- 
acteristic of Transonic Model 
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Figure 6. Results of Value Simulations of 
Transonic Part (Isopycnic Line Diagrams) 


4. Conclusion 08 
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Among the research conduct- 















































ed at NAL aiming at estab- g°” : 
lishing supersonic intake @ 
technology, this report has ¢ 0.6 : 
introduced the results of : g 0 ° 
supersonic wind tunnel OSPF 0 0 @ . 
< o GO 0 e * 
tests, small wind tunnel 0 0 8 ee? a 
tests, and CFD aiming at B04} goe eee © @ ® 7 es « * 8 : 
improving the performance 90 2 * eees 
of Mach 3 intakes. The re- o3+ ° «@ Mode | Mi [np/he[Gu/ 0) | 
sults of this research can °. Neo 343 51 -< 126 | 0208 — 
be interpreted as showing ool bd 1 ihe : i e 
the promising future of , re 1S nc] 1 | 030 FS 
establishing the design 0.1 .. P P Py P A : 
method of the shock systen, "0 2 4 6 8 10 12 14 
basic data for air bleed- Longitudinal Distance X/hi 


ing, the design of the 
throat passage, the aerody- 
namic design method of the 
subsonic diffuser, etc., with intakes for a Mach number of around 3. These 
results also showed the effectiveness of our research technique in which 
various techniques and data are arranged organically for mutual interpolation. 
In the future, we believe that systems research such as airframe integration 
and engine matching should be deeper in addition to research into inherent 
problems in intake such as the reduction of bleed air flow and the enlargement 


Figure 7. Results of Tests on Small Subsonic 
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of the stable operating range, as well as to enhance the basic research 
approaching more essential phenomena. 


This research has been conducted as joint industrial-academic-governmental 
research by the manufacturers, universities, and research institutions 
participating in the Intake Forum, and the results achieved would not be 
possible by NAL alone but are the products of the cooperation of many 
researchers. We express our deepest gratitude to the outside researchers from 
the Motoami Laboratory of the Science University of Tokyo, the Arakawa 
Laboratory of the University of Tokyo, the Institute of Space and Astronauti- 
cal Science, the R&D Department of Ishikawajima-Harima Heavy Industries Co., 
Ltd., the Engineering Department of IHS, as well as to NAL researchers 
including the members of the Motor Department, Managers Sakakibara and 
Yoshinaga at the Aerodynamic Department. 
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Research Into Robust Flight Control System 
936C0024C Tokyo NAL in Japanese 20 Oct 92 pp 17-18 
[Article by Yoshikazu Miyazawa, Flight Experiment Department, NAL] 


[Text] Abstract: This report introduces an example of simple analysis applying 
the multiple delay model/multiple design point approach proposed as a 
technique for designing robust flight control systems, and discusses its 
features. 


1. Introduction 


Progress of flight control technology is making possible the practical 
implementation of very advanced flight control, increasing the role of flight 
control in aircraft design much more than as previously possible. This trend 
is mainly due to the use of fly-by-wire systems, particularly the performance 
improvement of hardware including sensors, actuators and computers, and active 
research which allows the full use of the huge capabilities of airborne 
computers. 


What is important in designing flight control systems is modeling and setting 
control targets. As the name implies, robust control is an attempt to 
positively consider the imperfections of modeling in optimum design, and was 
born from the fact that the results of optimum control theory have been too 
dependent on models and difficult to be implemented in practice. In the field 
of linear control, a large amount of theoretical research has been performed. 
The multiple delay model/multiple design point approach represents’ the 
uncertainties and variations of aircraft characteristics using some typical 
models and obtains a control system which provides an optimum evaluation 
function that represents the design objective. It is a simple method which can 
easily express the uncertainties and range of the mathematical models if 
aircraft. The multiple delay model is based on considering the uncertainty of 
delays in response depending on the control inputs, and takes note of the 
uncertainty of phase in the high-vibration domain. This design approach has 
been applied with many problems and provided good analytic results, and this 
report introduces the results of a longitudinal flight path control system 
design as an example of the application of a multiple delay model.}> 
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2. Application in Longi- >, 
tudinal Flight Path Con- yw, 
trol System Design? 
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The problem of control- Matrix : Dynamics 


ling the flight path and h ' = ($2271, Cr_| (Slow Mode) 
speed using the eleva- wiesic 
tors and thrust force is 
the most basic problem 
in flight control. Par- Figure 1. Longitudinal Flight Path Control 
ticularly, the path con- 

trol using the attitude 

angle and thrust force as the control @ Design poins 


variables is a problem which has 2.4 REE 
attracted attention in flight control NX Unsiable \ 


in the landing approach of STOLs. We ee \ 
constructed the flight contro! system . 

shown in the block diagram in Figure 18- 1.25 
1; h and u represent the height error 1.64 


and speed error with respect to the 16 REN 
reference path, respectively. The 1.05 


control inputs are the airframe atti- T, (9124 
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tude angle and thrust force. As shown 14 

in the block diagram, a feedback 0.8 - aaa ha 

control structure is provided to 0s 

optimize the gain. We defined evalua-— N 

tion functions composed of the inte- as 0.95 

gration of square errors that can 0.24 \ 

quickly track the values set for the DO en 

flight path and speed, and sought 60 020406 08 1 121416 18 2 22 24 


control laws which can minimize them. Ts (8) 


Due to the frequency band of attitude Figure y 2 Delay and Evaluation Function 
control and the delay or nonlinearity 

of thrust force generation, each loop should be restricted within the optimum 
frequency band. We inserted a delay model in each control input as shown in 
the block diagram and represented the uncertainty of response using two delay 
times for each input. We averaged the evaluation functions of the mathematical 
models of the four delay models shown in Figure 2 and obtained a total 
evaluation function. Namely, we defined the following evaluation function and 
calculated the feedback gain. 


4 7, h,(t)-h u,(t)-u 
Je J,, J, = E{[(—A £)24 r(— £)2dt) 
>> Pivgs “4 J h, Up 








Figure 2/shows the relationship between the delay and evaluation constant of 
each i-Sut. It shows that control systems with similar performance are 
obtaingd in the area surrounded by the design points. These results were 
obtained with a transport aircraft. The contour lines and stability limits of 
the evaluation function with respect to the delay times can be regarded as the 
evaluation criteria of robustness, and the multiple delay model approach 
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obtains the control laws from these criteria. In addition to all state 
quantity feedbacks, we also performed optimization for the cases in which 
nonimportant loops are opened and compared the results. Table "Control 
Results" shows the value, crossover frequency and phase margin of each 
evaluation function. The table shows that the normal advanced control based on 
auto throttle and attitude (Control Law 3) is most effective. Figure 3 shows 
the results of simulations taking various elements into consideration. Because 
the charts show the time hysteresis directly with the evaluation functions, 
the control system obtained shows a very rational response. 


Table. Control Results 








CTOL RESULTS - 1 
2 @eeesss yrosese * 
CONTROL VARIABLES : : pt 
Tv : : 
a(t), Cr(t) Pay eee ee: 
FEDBACK VARIABLES : —_ 
u(t), f{u(t)-ue)dt; 7, . - © 
T, (sec) 
dh/dt, h(t), [{h(t)-he}at ia tae 


CLOSED LOOPS P.l. Gq er 
Control law 1 All loops closed 7.80 .96 .63 
Control law 2 h-6, u,hCy 8.10 .92 .64 
Control law 3 h-6, u-Cy 9.17 1.2 .77 
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The multiple delay model/ 
multiple design point ap- 4 
proach allows us to set the ee Sunes a 
frequency band directly and SO oe 
to obtain rational control 
laws using a very small 
number of design param- 

eters. It is expected to be 
applied in problems pre- 

senting difficulties in 
flight control system de- 
































sign, such as unknown char- ~; = ps Te ” Pa . 
acteristics of space planes Time (sec) Time (sec) 
and winged recovery planes Figure 3. Response of Speed and Height With 

and important changes in Respect to Commands 


flight conditions. 
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Summary of Research Into Liquid Oxygen Turbopumps by NAL 
936C0024D Tokyo NAL in Japanese 20 Oct 92 pp 19-22 
[Article by Kenjiro Kamijo, Kakuda Branch, NAL] 

[Text] 1. Introduction 


Noticing that rocket engines using cryogenic propellants provide high 
performance, NAL has been conducting research into engine elements consistent- 
ly since the second half of the 1960s, together with positive research to 
support the development of liquid oxygen (LOX) and liquid hydrogen rocket 
engines in Japan. In this endeavor, research into turbopumps has also been 
conducted continuously covering a wide range of subjects centered around the 
LOX turbopump. The results of research into turbopump elements made in FY1970~ 
1976 and in FY1981~1982 became the driving force of the development of the 
LE-5 and LE-7 engines used in the H-I and H-II launch vehicles. In joint 
research with the National Space Development Agency (NASDA) on two occasions 
from FY1977~1981 and FY 1983~1992, NAL was mainly in charge on trial 
production and research of LOX turbopumps, and succeeded in developing 
prototypes of LOX turbopumps for the LE-5 and LE-7. 


As described above, NAL has been conducting research into turbopumps with the 
highest priority placed on establishing Japanese turbopump technology which 
had been delayed considerably behind research in Europe and the United States, 
and also as much research as possible into important basic technology related 
to turbopumps. The turbopump is used to reduce the rocket’s weight, and to 
increase speed it was essential to develop turbopumps that were as light as 
possible. To make weight reduction possible, it is necessary to solve several 
difficult problems associated with the suction of the pump, ignition of the 
oxygen pump, vibrations of the rotating shaft, the strength of the turbine, 
the shaft thrust force, bearings, shaft seals and materials. This report is 
intended to introduce typical results of research which has been carried out 
over a long period at NAL. 
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2. Research Related to Turbopump Elements Blacle number | 





2.1 Inducer 


When the effective suction water head at the 
pump inlet drops below a certain threshold, 
intense liquid evaporation (cavitation) occurs 
within the inducer blades, adversely affecting 
the inducer’s ability to raise pressure and 
efficiency suddenly or generating unusual, un- 
stable cavitation. This unstable cavitation is 
not only harmful to the turbopump, but is also 
closely related to the occurrence of POGO 
(self-vibrations due to the interrelation 





between the body and the propulsion system) of N 3 17,800rpm, « = 007. @ = 9.116 
the rocket. It was known that rotating cavita— Figure 1. State of Occurrence 
tion, which is similar to rotating stall, and of Rotating Cavitation 


cavitation surge, which corresponds to surge, 
occur with the inducer. NAL conducted experi- 












































ments ger aia prs : Couse end onset flow range jlocal instability |System instability 
servations and explained that it 1% Stes 

is the cavitation surge that is oN 

related to POGO and clarified the 5 onset | Cow" Rotating . 
characteristics of the rotating M ros stell —— 
cavitation (Figure 1). Later, when Positive of 

rotating, asynchronous shaft vi- “R00 

brations which could not be ex- > 

plained from past experience oc- 9» ines 

curred during the development of i | | Rotating Cavitation 
the LOX turbopump for the LE-/7, we mace 5 cavitation surge 
could identify it based on the Positive mess low 

results of research described Oe 8V/800 

above, i.e., that it was due to 


Figure 2. Instability of Turbomachines 
rotating cavitation, and could 


find a solution to the problem. We 
were also able to devise the first theory on rotating cavitation and explain 
its cause (Figure 2). 


2.2 Evaluation of Performance of Cryopump 


As the LOX and liquid hydrogen pumps for the LE-/ feature a large flow and 
high discharge pressure, the methods to evaluate and measure their performance 
posed problems. With cryogenic liquid having fairly high compression at high 
pressure, the previous performance evaluation method presupposing incompress-— 
ibility cannot be used. Their efficiency measurement has also been limited due 
to the need for expensive facilities, etc. We therefore defined the pump 
efficiency and pump head, respectively. To correspond to the polytrope 
efficiency, which is said to indicate a close value to the real efficiency of 
a gas compressor, and polytrope pump head. We then compared the values with 
the experimental values obtained thermodynamically (Figure 3) and demonstrated 
that the newly defined pump efficiency and head indicate values that are 
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close to the real values. In 10 
other words, we measured the , 
temperatures and pressures at 

the pump inlet and outlet and 0.97 
confirmed that the pump per- 

formance can be obtained ther- 
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 O8t 
modynamically. : 

e 6 8 
2.3 Measurement of LOX Pump 5 O77 — rN 
Cavitation Compliance 2 

® O6+ 
The characteristics of a LOX O 
pump are closely associated 
with the occurrence of POGO in W O57 es 
a liquid-propellant rocket. © O P= 60~68MPe 
Particularly, the pressure and 04+ & & Pr=26.6MPe ur 
flow compliances, which deter- m © P.=248MPa 
mine the relationship between 03 + — Pam 11.9~16.1MPa (LN2) 
the volume of cavitation pro- : : > - . : 
dened 40 tue. taducat bal the 06 O07 O08 = 2 1140612 «193 
pressure and flow, have a deci- Flow ratio Q/Qz 


sive influence on the genera- 
tion of POGO. However, it has 
been difficult to establish 
them due to the difficulty of 


Figure 3. Efficiency Comparison of Liquid 
Hydrogen Pump 

















measuring the dynamic flow of 3 14 
LOX which evaporates easily. ne 0 LE-7LOX 0: 
We could obtain these compli- § 12} — @LE-7LOX? 
ances (Figure 4), although 4 _ 
indirectly, by utilizing the J aa | nae 
resonance frequency of the § QB} 
pump inlet conduit lie system % 
in the same way as the re- % 06} 
sults of an experiment using 5 
a supersonic flow meter which 4% 0.4 
is capable of dynamic flow -< go . ; 
measurement of LOX with a j lien a 
S gL. Me. —9 
relatively high inlet pres- 3 0 n n “ - 
sure. The results obtained § 0.02 0.04 0.06 0.08 0.10 0.12 
are applied in the POGO anal- Cavitation number K 
ysis of the H-II launch vehi- Figure 4. Cavitation Compliance of LOX Pump 
cle. for LE-7 


2.4 Bearings, Seals 


The bearings are cooled by the pump fluid in order to simplify the structure 
of the turbopump. Since the LOX and liquid hydrogen have very low viscosity, 
very little fluid lubrication effect which increases the load capability of 
bearings can be expected from them. A holder with a_ self-lubricating 
capability had been invented using a holder made of a material with excellent 
lubrication performance (glass fiber reinforced teflon), but it posed problems 
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in endurance due to the degradation of (4) Before HF chemical etching 
the glass fiber. Therefore, we coop- 0. 13ee 0 06am 
erated with NASDA to use a method to femme] fof 
eliminate glass fibers in the surface 
layer by chemical treatment, and com- | | 
pleted a holder that can satisfy the | 
endurance requirements for the turbo- ! 
pumps of the H-I and H-II launch vehi- se 
cles. We also acquired much data on PTFE(SSwt%) Glass cloth(4S5wt%) 
the lubrication mechanism of self- 8 layers/om 
lubricating bearings. (b) After HF chemical one 
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| 0.1200 






With regard to the shaft seals to 
prevent the mixture of LOX in the LOX 
turbopump and superdensity hydrogen 
gas driving the turbine, we completed 
a very compact shaft seal system for 
the LOX turbopumps for the LE-5 and 
LE-7. For its system elements such as 
the mechanical, floating ring, and 
segment seals, we were able to acquire 
data on the performance of each of 
them. 





3. Trial Production of and Research é‘ : 
Into LOX Turbopum eoerrerranns 
Pumps " aS 


The LE-5 engine is the first pump type Figure 5. HF Treatment of Bearing 
engine built in Japan. Because there Holder 


are very few turbopump engineers and 
the level of research into turbopump 


















































elements at NAL was very high (O6MPa)  GHe 

in those days, NAL was given | LOK = Cor re Gite ~ | GHai16 7MP a 170K) 

the main responsibility for a Lt - 3] [ [> 

trial production and testing of gas sea GH2 + GHe h) | Gite 

the LOX turbopump for the LE-5 aly | 

engine, and completed the pro- 0x | x 

totype LOX turbopump. With this al 4 4 : 

turbopump, we achieved a very = ro § 

stable rotation system together a kt. 

with new measures such as the (4 90Pe) 

use of a centrifugal impeller 

made of lightweight aluminum 

alloy, a turbine and shaft LOX anal Turbine ges Seals 
(Floating Ring See!) (Floating Ring Seeis) 


seals with compact structures 
and a reliable bearing cooling —{snen 
system. The LOX turbopump for 

use in the actual LE-5 is iden— Figure 6. Shaft Seal System of LOX Turbopump 
tical to this prototype except for LE-/ 

for its casing, the weight of 
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which has been further re- ede Mechanical seal 

Inducer nrsus) Intermediate seal He-purged 
duced. We would like to papell , a LOX bearinas Turbine hot-gas seal 
emphasize that this turbo-— °° ***** (plastic) 3 a ors Nozzle wade 

. t st 

pump proved to be a very eee ale pitted : 
stable turbomachine on all \ Filter 2nd stage blade 
occasions of launching H-I 





launch vehicles, and that 
the LOX pump has a very 
good suction performance. 








With the LE-7 engine, too, 
NAL was given the main re- 
sponsibility in the trial 
production of and research 
into the LOX turbopump be- 
cause of its experience 
with the LE-5 as well as 
its advanced research into 
high-pressure turbopumps, 
and completed a prototype 
model. This prototype turbopump has been the subject of a large number of 
papers, for example on the problems of shaft vibrations due to the inducer 
described before and its solution, high-pressure pump performance evaluation, 
the adjustment of shaft thrust, the bearing cooling structure, the shaft seal 
system and the evaluation of the turbine material. In addition, the completion 
of reliable testing facilities incorporating various measures was also a 
factor contributing to the relative smoothness of the development of the 
turbopump. 















































Figure 7. Prototype LOX Turbopump for LE-5 


4. Conclusion 


The above-described representative results of research into turbopumps 
conducted over a long period at NAL together with a summary of trial 
production and research into the LOX turbopumps for the LE-5 and LE-7. As for 
the research into individual elements, there are many achievements which are 
not mentioned in this report. As they have been announced in various papers, 
we hope that the readers will also refer to these. 


In closing, we emphasize again that to accomplish an excellent engine, it is 
important to conduct research and development into various subjects, such as 
the verification of important subsystems and performance improvement of 
important engine elements, prior to actual development in order to confirm 
their possibilities. Liquid-propellant rocket engines will continue to be a 
critical element supporting space transport systems. We are determined to make 
further progress in this research into turbopump elements in the future. 
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Figure 8. Prototype LOX Turbopump for LE-/7 
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Microgravity Fluid Experiments by NAL 


936C0024E Tokyo NAL in Japanese 20 Oct 92 pp 23-24 


[Article by Hisao Azuma, Heihachiro Kamimura, Shoichi Yoshihara, and Mitsuru 
Onishi, Space Research Group, NAL] 


[Text] 1. Introduction 


NAL started research in this field about a decade ago, from a proposition to 
the First Material Processing Test (FMPT) program. The research into micro- 
gravity covers a wide range including materials and biotechnology, and the 
research carried out by NAL is related to fluid phenomena which are the basis 
of various phenomena in space, considering applications in future space 
equipment. As it was a new field and there were not so many opportunities to 
conduct experiments in microgravity, research up to the present is mainly 
centered around basic phenomena. But in the future it is scheduled to conduct 
research closer to actual applications, such as the movement of cryogenic 
fluids. This report summarizes major experiments and research carried out in 
the past together with experiments scheduled for the future. 


2. Space Experiments 







e At the FMPT (September 1992), 
experiments on the stability 
maintenance, rotation, trans- ; 
formation, and liquid film sta- } fs > courie 
bility of droplets are carried ~*~. ~ (—v 
out using a triaxial sound wave 
levitation system (Figure 1) twieamera 
with the title "droplet manipu-  !NTERFacE 
lation with sound waves." In 
the "behavior of bubbles in a 
field where a temperature gra- 
dient and standing sound waves 
are present," experiments on / 

the migration of bubbles and Figure 1. Outline of Triaxial Sound Wave 
droplets, the interference of Levitation System 

heat and flow between two 
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bubbles, etc., are done utilizing the 
Marangoni force (Figure 2). 


e In the IML-2 (International Microgravity 
Laboratory, scheduled for 1994), experiments 
on the "influence of gravity fluctuations on 
natural convection and diffusion" will be 
carried out. Because human beings are active 
in space shuttles, etc., vibrations of about 
10° g occur in addition to unidirectional, 
steady microgravity. The experiments aim at 
identifying the influence of these vibrations 
on the flow of liquid with a temperature 
gradient. Figure 3 shows an example of the 
experiment. 

} 
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Streamlines in the case of f#3.0(Hz). 
Times are 1, 6, 25, 90, 275 and 1200(sec), With the TR-1A compact 
Figure 3. Examples of Variations of 
Flow Due to Gravity Fluctuations 


Figure 4. Observation Experiment of 





< ; 


light 
Refractor 





Vibrator 
Anti-vi- 
bration 
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Figure 2. Outline of Bubble 
Behavior Experiment System 


Marangoni Convection 


3. Rocket Experiment 


launch vehicle 


(August 1991), observations of 
Marangoni convection and liquid column 


fracture were carried out by forming a 
silicon(10 cst) liquid column. A new optical system was used to enable obser- 
vations of details with a precision comparable to computer simulation. Figure 
4 shows an example of our observation of Marangoni convection. 


4. Drop Tower Experiments 


Using a drop tower with a height of about 10 meters (drop time 1.4 seconds) at 
NAL, fundamental experiments possible with it, such as experiments on 
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wettability and mercury droplet 
vibrations, were carried out. 
Figure 5 shows the results of an 
experiment on the large-ampli- 
tude vibrations of mercury. In 
this experiment, an electrical 
method is used to apply vibra- 
tions by varying the surface 
tension of mercury droplets 
soaked in dilute sulfuric acid. 
In the future, experiments using 
the large drop test facilities 
at the MGLAB are scheduled. 


5. Ground Experiments 


Since there are not many oppor- 
tunities to conduct microgravity 
experiments, experiments under 
1 g are important. We made pos- 
sible a droplet levitation using 
sound waves under 1 g by in- 
creasing the ambient pressure 
to obtain matching with the 
speaker output. Levitation and 
rotation of droplets using 
supersonic waves are also 
being attempted. With a view 
to controlling Marangoni con- 
vection, we observed the 
Marangoni and Bernard convec- 
tions of two-layer liquids by 
reducing the thickness of the 
liquid layers as much as pos- 
sible, to minimize the influ- 
ence of gravity. Also, we are 
attempting measurements of the 
flow of fluid with a low 
Prandtl number, the internal 
flow of which is usually dif- 
ficult to observe, using 
supersonic waves and X-rays. 





Figure 5. Large-Amplitude Vibration 
Experiment of Mercury 























iseetgte 
ITI 


tt 
ltt 

















HUM dase scenic 
AL beet A 





iW 








/ 
\ 








a ITA TATA A 
BUA 
Nhe Meanie 
AA 





Ree 


’ 
\ 






































6. Computer Simulation Figure 6. Simulation of Liouid Column Fracture 


We are developing computer 

simulations in which gravity conditions, etc., can be varied arbitrarily. By 
comparing the results of the above experiments and their simulations, we are 
supplementing and verifying the validity of simulations. The codes are 
modified based on SOLA-VOF so that the simulations can deal with the problem 
of two-dimensional instability as seen in flow with a transforming free 
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surface with temperature and density gradients or the flow of liquid with 
wettability at a contact angle of O. Figure 6 shows an example of simulation. 


7. Conclusion 


Future research into microgravity at NAL is expected to be oriented toward 
research into the use of space stations and applications in handling fluids in 
future space equipment based on research conducted up to the present. 


Thanks 


The FMPT, IML-2, and TR-1A were the results of cooperation with NASDA. The 
authors specify this fact here to express our gratitude to the persons 
concerned. 
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Research Into Antifriction Bearings for Use in Space by NAL (Update) 
936CO024F Tokyo NAL in Japanese 20 Oct 92 pp 25-26 


[Article by Mineo Suzuki, Mitsuru Nishimura, and Katsumi Seki, Space Research 
Group, NAL] 


[Text] 1. Introduction 


Artificial satellites contain several drive mechanisms including the antenna 
drive mechanism and solar battery paddle drive mechanism, and many antifric— 
tion bearings are used as parts of these drive mechanisms. For example, the 
solar battery paddle drive mechanis: includes 15 or 16 bearings, and these 
bearings are required to work maintenance-free for a long period of 7~10 years 
under the condition of vacuum and a temperature range from -100~+150°C. In 
addition, the severe operating environment makes lubrication using oil 
impossible; bearings for use in space must use solid lubricants. 


This report summarizes the research carried out at NAL in order to implement 
solid-lubricated antifriction bearings that can be used even in such severe 
conditions. As the progress of space developments has resulted in the 
requirements for bearings that can stand even severer conditions such as the 
high load of a space station and the high temperatures of a space shuttle, 
this report also introduces the results of tests with high loads, at high 
temperature in a vacuun. 


2. Solid-Lubricated Antifriction Bearings for Satellites 


The antifriction bearings for use in space are lubricated with a solid 
lubrication film on the rolling surfaces and rolling elements with the solid 
lubrication agent supplied from a holder. Therefore, what is important is the 
selection of the solid lubrication film to be deposited first, a sufficiently 
powerful deposition method and an optimum holder material. 


We first carried out research into the method of depositing a solid lubrica- 
tion film. We deposited various films using the ion plating method used for 
soft metals such as gold, silver, and lead and the chemical reaction and 
sputtering methods for molybdenum disulfide (MoS,), evaluated the friction wear 
characteristic with sliding friction tests, and selected the optimum solid 
lubrication films and their deposition methods and conditions.? 
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We also evaluated the friction wear characteristics and the transferred film 
formation capabilities of composite polymer materials for the holder with 
sliding friction tests.* The solid lubrication films and composite materials 
subjected to evaluations are shown in Table l. 


Table 1. Tested Solid Lubrication Films and Composite Material for Holders 








prostrate ear neem a3 nto anaemia ame ner et meme nmem a ne 
Solid lubrication Gold, silver, lead (ion plating) 
films MoS, (chemical reaction) 


MoS, (sputtering) 





Composite materials PTFE composite materials (PTFE + glass fiber + a) 
for holder a: Mo, MoS,, Pb,0,, polyimide 
Metal composite materials (MOS, + oxide + metal) 

















Following this, based on the basic test results obtained above, we tested 
antifriction bearings to finally select the optimum antifriction bearings. 
These tests were conducted under a wide range of conditions, with many hours 
of unidirectional rotation testing at speeds from 3 rpm to 4,000 rpm° and long- 
period testing of rocking rotations with rocking angles 10.08~0.36°.‘ 

















As a result, we a Tested bearing: 7204 (internal diameter 20mm, material 440C) 
clarified that MoS, a Inner and outer races, steel balls: MOS, sputtered film 

film deposited by © !:5F hoider : PTFE+ Glass fiber +MO 

sputtering is the ™ 2000 50N. 10°Pa ©) 3 
optimum solid lu- , If — ; a, zs 
brication film from # _ ts ; 
the viewpoint of seca tattag cate, tM ag, eettteanase 
friction wear char- §& por ee " ne 
acteristics and 28 i r 1 r 1 n L.. ! ! l 
that, when combined «& 0 5000 10000 
with MoS, film, the Operating time , b 

optimum holder ma- Figure 1. Change of Friction Torque of Solid-Lubricated 
terial is a compos- Antifriction Bearings for Use in Space 


ite polymer materi- 

al (PTFE + glass 

fiber + Mo) which can provide the longest service life of more than 10% 
rotations. Figure 1 shows a result of a test made with this combination. 


This bearing was put to practical use in the solar battery paddle drive 
mechanism of the earth resources satellite "Fuyo" (ERS-1) launched in February 
1992. It was the first Japanese-made bearing used in a practical satellite, 
and has worked without any trouble since then. We cannot say that solid 
lubrication technology of antifriction bearings for satellites has already 
been established. 
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3. High-Load Antifriction Bearing Test 
300 


The load conditions of bear- 3000N 
ings in satellites are rela- : SSON 1500N 550-2200N 


tively light because there is 





N-c 




















no gravity in space. However, - 200h sated bearing: T7204 (internal diameter 
with bearings for use inman- 3° 20mm, material 440C) 
> & Inner and outer races, steel balls: 
ipulators in space stations, $5 rook MoS, sputtered file 
solid—lubricated bearings ~5 Holder : PTFE+ Glass fiber +MO 
with high load endurance are =* 
required because of the pres- Me | 
ence of large forces of iner- “~ 0 — Z — : , 
tia. We therefore tested the 0 200 400 600 800 1000 1200 
bearing for use in satel- Operating time» D 
lites, described in the pre- Figure 2. Change of Friction Torque in High- 
vious system, to see how long lead Tent 


its service life would be 


ith Gis ond Test condition: 200 rpm, 
Ww a gh load. 


Maximum bearing pressure: 2.3 GPa 


Figure 2 shows the friction 

torque of a bearing using MoS, sputtered film on the inner and outer races and 
steel balls and using PTFE composite material as the holder material. The 
maximum bearing pressure calculated with the conditions of this experiment 
indicated a fairly high load of about 2.3 GPa, but the bearing manifested 
stable, small friction torque for a long period. Later, when the test time 
reached about 980 hours, the torque increase signalling the end of the life of 
the solid lubrication film. 


© 

In this experiment, we : (a)Holder : MOS,+MoO,+Nb End at 1413.4h 
z 

MoS, film can withstand | 

high loads and that it 








has a long enough ser- 
vice life for use in 
space stations, although ‘i 
its life is shortened to if | 
10’ rotations compared to — gama 
its life at a low load. 200 400 600 800 1000 1200 1400 


Operating time, b 


4 (D)Holder : MoS,+Mo0,+Nb+SUS304 


- End at 1449.7h 
ar yt 








Friction torque (of 2 bearings) 


Figure 3. Change of Friction Torque in Vacuum 
High-Temperature Tests 

Tested bearing: 7204 (internal diameter 20 mn, 
material Si,N,) 

Test condition: 600 rpm, 500°C, 50 N 


4. High-Temperature Vacuum Antifriction Bearing Test 
A space plane is exposed to very high temperatures during re-entry into the 


atmosphere, and such applications require antifriction bearings which can 
operate in a vacuum and at high temperatures. Figure 3 shows some examples of 
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the results of our tests made using ceramic bearings at high temperatures up 
to 500°C in a vacuum.® 


Both the inner and outer races as well as the balls of the bearing are made of 
silicon nitride (Si3,N,) and MoS, films are sputtered onto their surfaces. The 
test was applied to two kinds of holders made of a metallic composite material 
created by hot pressing with the composition optimized by friction tests in 
various atmospheres.’ 


Both of the composite material holders could maintain low friction torques in 
the test period of 1400 hours (approximately 5 x 10’ rotations). With no 
abnormal generation of gas, the bearing has a promising future in its use at 
high temperatures. 


5. Conclusion 


As space developments will progress more in the future with space shuttles and 
longer missions, mechanical parts including bearings are required to have an 
even better performance, higher reliability and longer service life. However, 
as their implementation is thought to be difficult with the present technolog- 
ical level,® it will be necessary to conduct further research into basic 
subjects such as the elucidation of the mechanisms of solid lubrication. 


Although not mentioned in this report, NAL is also conducting basic research 
to explain the mechanism of solid lubrication, as seen from research into the 
mechanism of lubrication by transferred film.® 
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Statistical Distribution of Compressive Strength for Smoothed Testpiece of 
Carbon/Polyimide Laminated Material 


936C0024G Tokyo NAL in Japanese 20 Oct 92 pp 27-28 


[Article by Yasumasa Hamaguchi, Toshiyuki Shimogawa, and Yoshiaki Tsunoda, 
Airframe Department, and Miki Morino and Hirofumi Tamura, NASDA: "Aiming at 
Main Structural Member Material of HOPE"] 


[Text] 1. Introduction 


With excellent specific strength and specific rigidity at high temperatures, 
carbon/polyimide (T800/PMR-15) composite material is regarded as a promising 
material for the main structural members of the H-II Orbiting Plane (HOPE) 
which is a winged space shuttle to be launched by the H-II launch vehicle, and 
R&D for its practical implementation is under way. The most important subjects 
in this R&D are the evaluation of the material's strength and the development 
of methods to form large structures. The authors of this report have already 
evaluated the strength of some materials through basic strength tests in 
various ambient temperatures; low temperature (-50°C), room temperature, and 
high temperature (300°C), and fatigue tests using perforated testpieces and 
joint testpieces. 


Determining the design tolerance of materials requires statistical investiga- 
tions of their properties such as the mean value, dispersion, and distribution 
pattern of the strength characteristics of materials. Since fiber-reinforced 
composite materials have low compressive strength, the design limit is 
dependent on the compressive strength. Therefore, the investigation of the 
Statistical properties related to compressive strength is particularly 
important. 


Based on the above, the authors carried out a static compression test in a 
room temperature environment using a total of 92 testpieces, obtained from 
three lots, each lot composed of two batches containing 15 or 16 pieces, 
manufactured by three aircraft makers. Later, we also conducted a compression 
test on 30 testpieces using an improved test method. Hereinafter, we will call 
the former test Test I and the later test Test II. We investigated the mean 
value, dispersion and distribution pattern of the compressive breakdown 
strength, elastic modulus, and compressive breakdown strain obtained in the 
tests. With respect to the compressive breakdown strength, we also evaluated 
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the difference between batches from each maker, the difference between makers 
and the causes of variations. 


2. Testpieces, Test Conditions 
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Test Il 

Figure 1 shows the strip Figure 1. Shapes of Testpiece and Compression 

testpieces made from the lam- Jig (Unit: mm) 


inate plates with solid lines 

and the test jigs with alternate solid and two-dot chain lines. There were 
large variations in the thicknesses of testpieces, and the variations with 
respect to the nominal thickness was 90~100 percent with Test I testpieces and 
109~115 percent with Test II testpieces. 


Table 1 shows the test equipment and test methods used. 


The measured data were the compressive load and the compressive strain 
measured using strain gauges attached to the centers of the front and back 
surfaces of testpieces. From data measured in this way, we calculated the 
compressive breakdown strength, the elastic modulus and compressive breakdown 
strain. Hereafter, the characteristic compressive values obtained based on the 
nominal thickness will be accompanied by the adjective "nominal," and those 
obtained from the actually measured thicknesses will be accompanied by 
"measured." The "—" sign representing the compressive status will be omitted. 
I iii idig nsdn rede settee tne 
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3. Test Results, Consider- 


ations on 





3.1 Relationship Between 
Stress and Strain 





Figure 2 shows typical ex- 
amples of the relationship 
between stress and strain 
obtained in the tests. 0 = 4.009 4.000 12.000 16.000 0 = 4.000 6.000 12.000 16,000 
Strain (10°-6) Strain (10°-6) 
Figure 2. Relationship Between Nominal Stress and 
Strain (in Test I and Test II) 
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Table 1. Test Equipment and Test Methods 





Item 


Test equipment 


— 


Test I 


Test II 
a 





Instron 8502 model 
10 tons (max. capacity) 
Digital hydraulic servo 
Hydraulic actuator drive 
With connecting rod 





Instron 1128 model 
50 tons (max. capacity) 
Mechanical 
Motor drive 





Control system 
Displacement rate 


Displacement (using FLAPS) 
1.3 mm/minute 


Displacement 
1.0 mm/minute 





Compression jig 


No-1l (manufactured by A) 


No-2 (manufactured by A) 





Deformation None Out-of-plane deforma- 
prevention tion prevention hardware 
End face None Using shim 
adjustment 

Additional No Yes 
tightening 

Measuring Instron 8500 DAA-100A (Kyowa Elec- 
equipment With FLAPS (software) tronic Instruments) 


Digital data analyzer 
KFC-—5-120-C1-11 
Room temperature 

(21~24°C) 


KFG-5, KFC-5, FLU-6 
Room temperature 
(20~22°C) 


Strain gauges 
Test temperature 

















3.2 Statistical Values of Compression Characteristics 


Considering the statistical values on the compression characteristics, that 
is, the mean values, standard deviation values (rms), coefficients of 
variation, minimum values, median values, maximum values, and the compression 
characteristic distribution shapes, as Weibull distribution with two 
parameters, we estimated the shape parameters and scale parameters. 


Table 2 shows the values related to the compressive breakdown strength 
obtained from per-batch data, per-maker data, and the data in Test II. In 
addition, with six sets of per-batch data and three sets of per-maker data, we 
also calculated the common average values, standard deviation values and 
coefficients of variation that can be estimated, by weighing, from several 
sets of samples. 


The table shows that Test II using an improved test method can provide higher 


average values and smaller variations. Therefore, the coefficient of variation 
which indicates variations is judged to be about 5 percent. 
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Table 2. Values of Statistics Related to Compressive Breakdown 



































Strength 
‘Gassiecanon Statisnc (normal disvibuvon) * Wendel Ses TO GA 
Maher Standen cy. (2 parameter) 
-batch A mean deviation (%) min median masz shape male 
At 61S) |= $36 332 620 463 S40 Sél 190 $50 
A2 15 519 31.7 610 45 $35 $57 192 S33 
Bi 16 S55 362 651 SOO S43 656 203 {8 
62 13 $44 301 S54 @ $50 S90 2S 558 
Nominal C1 14 559 209 #373 $23 S88 $90 333 Seg 
Sweagh C2 15 586 19.6 337 S47? $9) 613 341 SBS 
(MPa) Aweiw)? Sb 205 $46 
. ww $27 329 624 465 $36 $81 19.4 $42 
8 2 335 608 483 S45 656 214 S64 
Cc BF 57 240 419 S23 S78 613 2767 S$a4 
Avetw)= 555 305 561 
aii WwW 674 3.7 86456) «615 6467) 725 266 687 
At 186 353 23.1 416 S06 SS6 S86 276 S63 
A2 15 $2) 246 46472 «4464 S53) «$54 8025.4 86832 
B1 1% $42 268 S32 $04 S3% 614 249 $53 
B82 13 SO 141 266 SOO $32 §57 443 $37 
Measured C1 14 53) 195 367 487 $38 §52 313 $4 
Swength C2 1S 552 16) 328 sop S57 S77 33 S60 
(MPa) Ave(w)= 538 22.2 417 
A BR SI 203 528 484 S38 $86 230 Se 
8 Ba SD 23.7 442 SOO S32. 614 314 S@ 
c 8 842 21.4 394 487 $4? $77 W2_ $5) 
Ave(w)2 539 247 463 
Bi Ww 60? 244 40: S64 6806 654 w6 618 





n: Sample size. cv. Coelhoeni ul variaton Ave(w) Wegnted average 


3.3 Adaptability to Distribution Types 
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bility graph paper. The ee 

















plots of per-batch data 
on the nominal compres-— 
Swength (MPa) 


sive breakdown strength Figure 3. Per-Batch Data Plotted on Normal 


are shown in Figure 3, Probabiltiy Paper and Weibull Probability Paper 
and the plots of per- 


maker data on it are 

shown in Figure 4, which also includes the plots of per-maker data. The plots 
were made based on median rankings, and the straight lines in the charts 
indicate relations closer to the least square method. 


460 «6800 5550 600—s«éBSD—ié=é710 


Strength (MPa) 


We additionally performed Kolmogoroff-Smirnoff adaptability verification using 
the statistic values shown in Table 2. As a result, it was found that the 
compressive breakdown strength values did not exceed the significance level of 
5 percent noticeably. 
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We therefore judged that 
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Figure 4. Per-Maker Data and Test II Data Plotted 


on Normal Probability Paper and Weibull 
Probability Paper 


3.4 Differences in Compressive Breakdown Strengths Between Batches and Between 
Makers 


With regard to the compressive breakdown strength obtained in Test I, we made 
quantitative evaluations of the differences between batches of each maker and 
the differences between makers by means of verification of the differences 
between average values. The results are shown in Table 3. 


Table 3. Results of Verifications on Differences in Strengths Between 
Batches and Between Makers 

















Verification Comparison Verification of Verification of 
item L:2 difference in homoscedastic 
average values property 
Nominal Measured Nominal Measured 
Between A-1:A-2 re) x re) oO 
batches B-1:B-—2 oO re) oO x 
C-1:C-2 x x re) oO 
Between A : B x re) oO oO 
makers A: C x oO re) oO 
B C x re) oO re) 
Null hypothesis H,: wl = p2 a1? = 02? 
Alternative hypothesis H,: wl > w2, wl < p2 012 # 02? 

















The results of statistical verifications showed that there were sometimes 
differences in strength between batches from a single maker. Differences 
between makers were also present when nominal strengths are taken into 
consideration. However, the strengths of different makers’ products are almost 
equivalent if the strengths are calculated from the measured thicknesses. 
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3.5 Correlation Between Nominal Compressive Breakdown Strengths and Testpiece 
Thicknesses 


The nominal compressive breakdown strengths of batches A-1 and A-2 obtained in 
Test I were relatively low values. With these batches, the measured thick-— 
nesses of testpieces were relatively small. Therefore, we investigated the 
correlation between the normal multiple design points and measured thick-— 
nesses, and found a correlation between them. A similar correlation was also 
found with the results of Test II. 


In conclusion, we can point out that the variation of thicknesses is one of 
the factors causing the variation of nominal compressive breakdown strengths. 
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Experimental Research Into Thermal/Aerodynamic Topics for Hypersonic Transport 
Plane 


936C0024H Tokyo NAL in Japanese 20 Oct 92 pp 35-36 
[Article by Koichi Hozumi, Aerodynamic Department, NAL] 
[Text] 1. Introduction 


The hypersonic transport (HST), the next generation plane capable of connect- 
ing the world’s major cities in much shorter periods than current jet planes, 
has to meet requirements based on economy, that is, the aerodynamic require- 
ments on airframes with high H/D and low aerodynamic resistance. To obtain low 
resistance, the airframe should have a shape featuring sharp bow and wing 
leading edges. As a result, the sharp edges of the bow and main wings of HST 
are subjected to strong aerodynamic heating. 


To obtain data on thermal and aerodynamic characteristics for the HST, we 
studied the thermal/aerodynamic characteristics and thermal/aerodynamic design 
themes of the HST by applying an aerodynamic heating distribution measurement 
test to the overall HST shape and an aerodynamic heating measurement tests on 
the wing leading edges using a planar model. 











2. Flight Environment of HST , Pl 

as 4 
The HST will ascend on a flight path er ra ra r 
avoiding the limit regions of the Fe, / od ~~ 
generation of sonic boom, engine duct Loe ¢ Pod 
pressure, etc., and cruises at a rod 
height and speed determined by the - Pol veo — 
airframe performance (lifting power, 1o+r —_—*< 
L/D) and engine performance (cruising _ wi ‘AL kn « 0.01 
Mach number of 5~7), height of 25~35 tok | — ae 
km). The typical target is to obtain oe “~r, 
L/D = 4 during cruising at hypersonic ; F _ areal ™ 
epee 5 Cs | ee 

M 60 


It is known that the viscous inter- 
action effect during hypersonic 
flight is noticeable on the wing 


Figure 1. Hypersonic Airflow at Wing 
Leading Edges 
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leading edges and on curved surfaces. Figure 1 shows the relationship between 
the interaction flow air regions and the Reynold’s number and Mach number at 
the leading edges of the wing (planar wing). At the same time, this figure 
also shows the unit Reynold’s number with respect to the flying height and 
speed (1/cm) as well as the unit Reynold’s number of the light path of the 
M6HST (1/cm). 


From Figure 1, we can assume that, in the flight environment of an HST flying 
at Mach 5~7, there are few rarefaction or viscous interaction effects, there 
are almost no merged layer or transitional regions at the leading edges of the 
wings and, particularly, a normal boundary-layer region starts from near the 
leading edges at Mach 5. The leading edges become a weak interaction region at 
Mach 7 and a strong interaction region at Mach 12. 


3. Aerodynamic Heating Tests 
3.1 Aerodynamic Heating Distribution of Overall HST Shape 


To understand the overall distribution of heating of the HST, we carried out 
an aerodynamic heating distribution measurement test with infrared imaging on 
the HST shape model we had been using to identify the aerodynamic characteris- 
tics (Figure 2) with the main Mach number (M) of 5.05 and main Reynold’s 
number of 8.1 x 10°. 
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Figure 3. Distribution of Heating 


Rate of HST 


(unit: mm) 
(a = 0°, Airframe Upper Surface) 


Figure 2. Tested HST Shape 


Figure 3 shows the Stanton number (St) distribution on the upper surface with 
an elevation angle a = 0°. The figure shows that the leading edges of wings 
are subject to noticeable heating distributed in parallel to the leading 
edges. The heating of the fuselage section is smaller than the strakes and 
wing leading edges, but because the HST flies with a lower elevation angle 
than the space shuttle, the upper surface is also subject to considerable 
heating as well as the lower surface. 


To identify how much the heating shown in Figure 3 causes the temperature of 
the airframe to rise during flight, we obtained the radioactive equilibrium 
temperature (Figure 4). At M = 5 and height H = 25 km which correspond to the 
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cross-sectional heating distribu- Rediation A¢:sbacic Wall Teapersture 
tion on the upper surface shown in —_— 

Figure 3 (x/L = 0.3, x/l = 0.75), eee ped 
the radioactive equilibrium temper- i le ae as reite sie on 
ature of the leading edges locally 
attained 800°C with a very severe — =r 
heating rate, indicating the neces- 
sity of active cooling. The surface aca} i‘ boc} 

| 


Tee (K) 


temperature in other areas than the 
limited area on the leading edges om | 
was 500°C or lower. / 





sce, 











3.2 Aerodynamic Heating of Leading 69 tg n rn 


-2.2 ‘ o.9 “10 e 1.0 
Edges T/(est! Y¥/(e/2) 


Figure 4. Cross-Sectional Radioactive 
Equilibrium Temperature 
(a = 0°, Airframe Upper Surface) 


Among the thermal loads on various 
sections, we decided to measure the 
aerodynamic heating of the leading 
edges of the main wigs where the 

heating rate is particularly high. In order 


























to investigate the influences of the eleva- ) > 

tion angle, the main wing sweepback angle rs ~4 

and the leading edge thickness on the heat- ; oes. 

ing rate, we conducted aerodynamic heating ed So 

tests at Mach numbers of 5, 7, and 12 using z. i ee ee —— 

the planar model as shown in Figure 5. an Th a 
aia a Pe /- 

There is almost no aerodynamic heating data T beert. PS rotation « 

on the leading edges in an HST flight envi- ' a a ae 

ronment at a medium Mach number. The actual Ps e 

leading edge heating measured in the region . on 

within 1 or 2 cm from the leading edges were 


larger than the value estimated taking the 
theoretical value for the planar model and 
viscous effect into consideration. The 
measurement results when the sweepback angle 
A = 0° showed that St*Me’° is proportional 
to M°-’. To identify the influence of sweep- 
back angle on the leading edge heating rate, 
we measured the leading edge heating rate 
while changing the sweepback angle by rotat- 
ing the planar model. As a result, the heat- 
ing rate decreased as the sweepback angle 
was decreased, and the heating rate in- 
creases as the elevation angle was in- Seetien AWA 

creased. Figure 6 shows the relationship Figure 5. Planar Model 
between the Stanton number and the sweepback 

angle, modified by (Me/M)':°. The direct 

comparison between the measured values and the values estimated from the strip 
theory did not provide good matching. 
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4. Study of Boundary-Layer Transition 


The boundary-layer transition is a 
very important problem causing in- 
creases in viscosity and thermal 
conductivity. The results of observa- 
tion of transition positions made in 
the planar model test above showed 
that the sweepback angle, elevation 
angle, and the leading edge coarse- 
mess exert great influence on the 
boundary-layer transition, that the 
increase in the main Mach number 
increases the transition Reynold’s 
number Re,;,, and that increases in 
the sweepback angle and elevation 
angle decreases Re,,. These results 
are shown in Figure 7, which is a 
compilation of the results as a rela- 
tion between the Reynold’s number 
modified by the Reynold’s number varia- 
tion ratio before and after a shock wave 
along a wing leading edge with a sweep- 
back angle, Re,,’, and the Mach number at 
the outer edge of boundary layer, Me. 
This figure indicates that the sweepback 
angle effect is the effect of the unit 
Reynold’s number at the wing leading 
edge, and that the elevation angle effect 
is an effect caused by the variation of 
Me. The small Re,,’ in the case with an 
elevation angle at M5 (Me = 3.98) seems 
to be because of contamination of the 
leading edge. 


Fi 


5. Conclusion 

We obtained the heo’ characteristic of 
the overall HST <> che heating amount 
of wing leading «: and transition data 
on the wing leading edges through aerody- 
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gure 6. Sweepbank Angle Effect in 
Heating of Leading Edges of Planar 
Model 
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namic heating tests applied on an overall HST shape model and on a planar 


model simulating the wing leading edge 


s. We further complied the heating 


amount and transition numbers obtained with the planar model to isolate the 


effects of the sweepback angle of the ma 
angles and the Mach number. 
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in wing leading edges, the elevation 








Finally, we studied problems in the actual application of this HST wind test 
data in actual design, and confirmed that the important problems to be solved 
in the future include the lack of wind tunnel Reynold’s numbers compared to 
the flight Reynold’s numbers of the overall HST plane size, the difference 
between the transition Reynold’s numbers between actual flight and wind tests, 
and the method of estimating the optimum heat flow into the airframe which is 
required when estimating the surface temperature from the heating data. 


- END - 
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